Analyzing the properties of duplicate genes during evolution is useful to understand the development of new cell functions. The yeast S. cerevisiae is a useful testing ground for this problem, because its duplicated genes with different evolutionary birth and destiny are well distinguishable. In particular, there is a clear detection for the occurrence of a Whole Genome Duplication (WGD) event in S. cerevisiae, and the genes derived from this event ("WGD paralogs") are known. We studied WGD and non-WGD duplicates by two parallel analysis based on structural protein domains and on Gene Ontology annotation scheme respectively. The results show that while a large number of "duplicable" structural domains is shared in local and global duplications, WGD and non-WGD paralogs tend to have different functions. The reason for this is the existence of WGD and non-WGD specific domains with largely different functions. In agreement with the recent findings of Wapinski and collaborators (Nature 449, 2007), WGD paralogs often perform "core" cell functions, such as translation and DNA replication, while local duplications associate with "peripheral" functions such as response to stress. Our results also support the fact that domain architectures are a reliable tool to detect homology, as the domains of duplicates are largely invariant with date and nature of the duplication, while their sequences and also their functions might migrate.
Introduction
Genomes possess a high degree of redundancy in the information they encode for [1, 2, 3, 4, 5] . Considering protein-coding genes, there is strong evidence [6, 7] that this redundancy has arisen from gene duplication events. Such duplications can involve individual genes, genomic segments or whole genomes. The yeast S. cerevisiae has arisen from an ancient whole-genome duplication [8] .
The study of gene duplications is useful for understanding the evolution of proteins. Proteins descending from a common ancestor (homologs) are usually identified by sequence alignment methods. However, such methods typically have two main hindrances: (i) not taking into account directly the protein folding, which persists on longer evolutionary time scales than protein sequence, and (ii) being computationally intensive. On the other hand, structure and function of proteins can be described on a coarser scale, considering the protein domains, modular substructures that are defined by folding [9] , compact structure [10] , function and evolution [11] . Several authors [12, 13, 14] proved the usefulness of structural domain assignments in identifying homology. This implies that the duplicates tend to maintain their structures. This observation raises two interesting questions. The first one is how reliable the structural homology assignment is and whether it provides insight about the evolution of duplicates. The second question is whether it is possible to use domain architecture information combined to functional annotation for the characterization of duplicates from global and local duplications at different dates.
We addressed the first question by implementing an algorithm for detecting homology via structural domain assignments and comparing the results with the ones obtained by sequence alignment methods. More specifically, the description of genes at the protein domain level requires: (i) the construction of a protein domain architecture database, containing a description of each protein, in term of the domains that form it; (ii) the implementation of homology criteria between the entries of the database. This method is limited by our partial knowledge of protein domains, so that the architecture data suffer from incomplete coverage. Furthermore, the choice of an homology criterion implies a trade-off between error tolerance and the rate of false-positive homologs. We studied the evolution of WGD paralogs by comparing the structural domain architecture also considering their K. waltii orthologs.
The second question arises from the fact that gene duplications drive evolutionary innovation, by providing raw material to develop new functions. In particular it is interesting to understand how the whole-genome duplication event reshape the genome in a distinct way from local duplications and how this is reflected by the domain structure of duplicates. We used our method for evaluating differences between WGD paralogs and non-WGD paralogs, and performed a parallel comparison using a Gene Ontology enrichment analysis. Both analyses converge on the conclusion that whole-genome and local duplicates tend to be functionally different. Generally, core functions are enriched for WGD paralogs, while peripheral functions are enriched for non-WGD paralogs. Since domain structures of duplicates are essentially maintained, this dichotomy can be created by two main factors, for both of which we find evidence. The first one is the difference between domains that are preferentially duplicated in global and in local duplications. The second one is the migration of subcellular localization and specificity for given biological pathways.
Results

Homology assignment by domain characterization
The superfamily domain coverage spans one third of the genomes we examined. According to the SUPERFAMILY database, v. 1.69 [15] , for S. cerevisiae there is a total of 6702 sequences, 3346 (50%) of which with at least one assignment. The coverage is approximately 34% of total sequence, and 85% of domains are produced by duplication. The figures for K. waltii are similar: 2932 (56%) sequences on 5214 were given at least one assignment, representing the 36% of total sequence covered; 84% of domains are produced by duplication.
In order to study homology from the structural domain viewpoint, we implemented three homology criteria based on domain architectures [14] . Criterion A defines two proteins as homologs if their domains architectures coincide (i.e. they contain the same domains in the same order). Criterion B allows for multiple repetitions of the same domains. The biological hypothesis behind this criterion is that, after duplication, changes may occur to the architecture of the proteins, by mechanisms such as internal duplication (e.g. by unequal crossing over), generating architectures containing multiple repetitions of one or more ancestral domains. Finally, two proteins are identified as homologs by criterion C if their architectures are equal, or if one of them is an approximate repetition of the other (see Methods). Biologically, this choice is motivated by the fact that it allows to recognize the simplest events of recombination, and is more fault-tolerant to differences in structural assignments generated by lack of knowledge, i.e. gaps in domain architectures.
We compared homology classes generated by the three criteria with those defined by sequence alignment methods. This test was divided in two different steps.
First, we evaluated the fraction of homology relationships identified for the WGD (by Kellis et al [8] ) and by general sequence alignment methods (Ensembl-Compara [16] ) that are also identified by criteria A, B, and C.
The results of this analysis are shown in Table 1 . These results confirm the efficiency of domain-based classifications in detecting evolutionary relatedness among proteins (as observed in [17] ). Specifically, they indicate that even the most stringent homology criterion A, is able to find the majority of triplets (72%), pairs (67%) and Ensembl Compara homology classes (64%). The other criteria perform better; in particular, criterion C retrieves more than 90% of the information in blocks of conserved syntheny. The results indicate that this method detects every type of homology (orthology and paralogy, both general and WGD).
Secondly, we quantified the fraction of paralogs not recovered by Ensembl, for each paralogy class defined by the three homology criteria (figure 1) . All three criteria define a significant fraction of classes that are not recovered by Ensembl. Notice that criteria A and B follow qualitatively similar trends and produce a small fraction of partially covered classes, while criterion C has a larger number of partially covered classes, essentially due to the fact that classes produced with this criterion are very large. Criterion B is the most efficient of the three criteria in returning Ensembl Compara paralogy relations. Figure 1 shows the limitations of both criterion A and C. The former, being more restrictive, builds small homology classes and consequently the probability that a whole class is not recognized by Ensembl is higher. The latter builds wide homology classes associating far away homologs. The consequence is that the classes built with criterion C will almost certainly contain some Ensembl homologs, as shown by the small number of classes that are not recovered. On the other hand, the same classes rarely contain Ensembl homologs only and consequently are rarely completely covered.
Domain architecture evolution in WGD and non-WGD duplicates
Duplicate gene pairs must undergo an altered selective regime that leads to an asymmetry emerging at different levels, for example as an increase in the rate of protein sequence evolution. Furthermore, genes at fixation may evolve in different ways, depending on the divergence process and the nature of the duplication [18] . Among the possibilities, there is a process by which one copy maintains the original function, and thus is constrained by selection, leaving the other one free to evolve, as originally hypothesized by Ohno [19] and supported by evidence in yeast [5, 20, 21] . However, theoretical and experimental work has argued that both duplicates can evolve independently at the same rate [22, 23] . We considered the question of testing the consequences of these processes at the domain level.
We followed the evolution of WGD duplicates through their domain architectures, i.e. the ordered sequence of domains forming the proteins. The length of an architecture is the total number of domains and gaps that form it. There are three main processes that affect architecture evolution: (i) growth by internal duplication, (ii) sequence divergence leading to structural changes in domains and (iii) domain insertions. In order to quantify globally the changes in protein architectures, we introduced two scoring methods that define a quantitative notion of relatedness between architectures. The first, called "domain score" is the number of domain types shared by two proteins over the sum of all domains of both proteins taken only once. The second "architecture score" measures the longest exactly matching sequence of domains between two architectures, divided by the mean length of the two architectures (see Methods).
To test for asymmetry, we compared for each WGD triplet the two S. cerevisiae WGD paralogs with the respective K. waltii ortholog, detecting the best-and worst-matching paralog. This was done using the domain score and the architecture score between both paralogs and their K. waltii ortholog. Table 2 shows the fraction (F2) of WGD triplets in which both S. cerevisiae duplicates have identical domain (or architecture) scores to their WGD ortholog in K. waltii. Furthermore we called F1 the fraction of triplets in which only one of the two S. cerevisiae paralogs has domain (or architecture) score one with the corresponding K. waltii ortholog. Comparing proteins with the architecture score we detect 65% of F2 triplets and 16% of F1 triplets, while by using the less restrictive domain score we detect 80% of F2 triplets and 11% of F1 triplets 2. This indicates that some duplicate proteins tend to evolve without changing their domain composition but rather by changing their order. We compared these results with a null model that performed random shuffling of the empirical values of the scores between the fixed sets of ortholog pairs (thus erasing the correlation between scores of the same triplet, see Methods). Interestingly, the randomized histograms show specular trends for the distribution of the scores for the two graphs that are more enhanced than for the empirical case. These data indicate that the difference between rates of "divergence" of protein architectures of WGD paralogs compared to their ortholog in K. waltii is larger in randomized instances. Consequently, the domain architectures of WGD duplicates are typically more balanced than expected from the null model, rather than more asymmetric.
We extended the analysis of paralog divergence to non-WGD paralogs, taking into account the duplication date reported by Wapinski et al. [24] . Measuring the average domain and architecture scores as a function of duplication age, and their standard deviations on the age sets, we find that the domain score is roughly constant and very close to one (figure 2), indicating that even ancient paralogs maintain similar domain composition. The more stringent architecture score shows a similar trend, with a more marked decrease for pre-WGD paralogs. Note that the proximity to one of the domain score implies that the same score for single-copy orthologs cannot be much higher, and thus that the observed accelerated evolution of paralogs [20] should not be seen at the domain level. In order to test this directly, we have considered the distribution of domain and architecture score for single-copy S. cerevisiae genes versus their K. waltii orthologs and we have compared this result with domain and architecture score of doublecopy S. cerevisiae genes (WGD duplicates) versus their K. waltii orthologs. The two histograms perfectly overlap for both architecture and domain score (figure S1).
Functional divergence and duplication age
In order to gain more insight into the divergence of duplicates at the domain level, we evaluated how the same duplicate proteins tend to diverge in their function. Specifically, we calculated the Gene Ontology (GO) term similarity between paralogs for each of the GO branches ("molecular function", "biological process" and "cellular component") by using the GOSim package [25] . The results, shown in figure 3 , indicate that for all the three GO branches, recent duplicates tend to be more similar than older ones. Indeed, average GO term similarity values tend to decrease as the duplication time increases. On the other hand, the mean GO term similarity of duplicates in all duplication date group never reach values lower than one half, indicating that also ancient pre-WGD duplicates tend to maintain some functional overlap. The curve of GO similarity versus duplication age reaches lower values for the "biological process" and "cellular component" branches. This indicates that duplicates are more likely to diversify the biological process they participate into and the cellular compartment to which they belong rather than their molecular function. Secondly, they do so at domain score nearly fixed to a value close to one, indicating that on average the function of duplicates migrates within the same fold structure, presumably by sequence mutations or recombinations maintaining the same structural domains [26] .
The same trends are also visible from the histograms of GOsim and domain-based similarity scores of all duplicate pairs (figure 4). The pairs of duplicates having high domain-based similarity is consistently higher in number than those with high GO similarity, but this trend is weaker for the "molecular function" taxonomy. In order to gather more direct evidence of this general domain and functional conservation under strong sequence evolution, we also compared these figures with the normalized histogram of the (protein) sequence identity (%id/100) between pairs of duplicates from Smith-Waterman pairwise alignments, performed by using EMBOSS Water [27] (figure 4). The latter distribution has the lowest peak at one and the highest value at low scores, confirming that strong migration in protein sequence accompanies stability of domains and functions.
In order to exclude biases of computational nature that could influence the results, we repeated the analyses with different conditions. Firstly, not all proteins S. cerevisiae are covered entirely by domains, but some have gaps. Excluding from the analysis proteins with gaps should confirm that the functional migration of paralogs is not attributable to unknown domains. Supplementary figure S4 shows that this is indeed the case. Secondly, Gene Ontology annotations inferred from computational evidence could generate false positives in GO similarity, especially in the case of recent duplicates with significant sequence similarity. To circumvent this possibility, we restricted the analysis to manually curated genes. This filter reduces significantly our dataset, especially in the case of non-WGD duplicates. For this reason, we grouped non-WGD paralogs in two pre-and post-WGD sets. This gave sufficient statistics to retrieve the same trends of figure 3 for the "biological process" and "molecular function" GO branches (supplementary figure S3 ), but not in the case of the "cellular component" GO branch, where the data are insufficient.
Functional connotation of WGD and non-WGD paralogs
Next, we focused on the difference in function between local and global duplicates. Whole-genome and local duplications are different biological processes, and the analysis of WGD and non-WGD paralogs can help understanding the biological constraints laying behind the different processes leading to long-term persistence of duplicated pairs in the two cases [24, 28, 29] . In particular, different works proved that WGD and non-WGD duplicates are enriched for different functional classes of genes. Thus, we set out to quantify with our methods how the effects of the WGD on the genome are qualitatively different from those brought by local duplications.
Domain-based analysis
Functional assignment of domains can be used for evaluating the evolutionary destiny of duplicates. We considered two functional classifications for domains given in the SCOP database [6, 7] . We then proceeded to evaluate the trends in domain duplications, regardless from the specific protein they were duplicated with. We assigned domains to a set O if they were duplicated in at least one WGD paralog, and a set P if they appeared in at least one local duplication (see Methods). We considered paralogs the genes that are recognized by homology criterion B and do not belong to set O. First, we found that the intersection of these two sets, in the universe of all SUPERFAMILY domains, is larger (P-value < 10 −28 ) than expected from a hypergeometric null model (figure 5). Thus, there is a dominant common set of domains that is prone to be duplicated, regardless of the local or global duplication mode.
On the other hand, the observed distribution of the fraction of WGD versus non-WGD duplicate proteins where each domain topology is found is very uneven (supplementary figure S5 ). This trend indicates the existence of two populations of domain topologies: those that are duplicated only outside the WGD, and those that appear in both kinds of duplications, but have a bias towards being found in the WGD only. Consequently, we analyzed the sets O \ P, the domains only found in WGD duplicates, and P \ O, the domains only found in non-WGD duplicates, for functional enrichment. For the finer categories of the SCOP functional classification we found a few cases where the enrichment was biased in two opposite ways in the two sets, i.e. categories having a positive Z-score for WGD domains, and a negative Z-score for non-WGD domains.
The categories that show a bias for WGD-specific domains (belonging to O \ P) correspond to functions that are growth-related (ribosomes, translation), involved in regulation of gene transcription and degradation (transcription factors, proteases), primary metabolism (coenzymes) or cell adhesion. On the other hand, a positive bias for locally duplicated domains (belonging to P \ O) was found in functional categories related to transport, post-transcriptional regulatory processes and secondary metabolism. Surprisingly, we found that the category DNA repair and replication tends to be enriched among domains duplicated locally rather than globally. Weaker signals for the same trend were found for RNA processing and modification, chromatin structure and dynamics, toxins and defense enzymes.
Gene Ontology analysis
In parallel, we performed a more standard functional characterization based on Gene Ontology analysis on the proteins, along the lines of previous studies [28, 29] . We considered the disjoint sets of WGD and non-WGD paralogs. For each set we extracted the over-represented GO terms, and we compared them looking for the terms shared between WGD and non WGD-paralogs or specifically connected to a group (over-represented in a group and not significantly present in the other). WGD and non-WGD paralogs are enriched in different GO terms. We performed the same analysis also on randomized sets. Two randomly assorted sets tend to share more over-represented GO terms than WGD paralogs and non-WGD paralogs. These results are inverted considering the terms specific for each group: differently from the random assorted groups, WGD paralogs and non-WGD paralogs have many exclusive genes (see Supplementary Results), indicating that WGD and non-WGD paralogs carry out different functions.
In accordance with the domain-based analysis and with the previous hierarchical analysis derived from expression profiles and functional annotations [24, 28] , we find that WGD paralogs are enriched for genes involved in "fundamental" processes such as for example, ribosomes and translation, regulation of cell cycle, regulation of developmental processes, sporulation, NADP metabolic process. On the other side the non-WGD paralogs are enriched for genes involved in "peripheral" processes such as transport, amino acid transmembrane transport, cellular wall, vitamin metabolism.
Finally, a recent study by Guan and coworkers [28] found that WGD duplicates are more likely to share interaction partners and biological functions than non-WGD duplicates. To confirm the latter result, we analyzed the distribution of the GO similarity normalized histograms for all the pairs of the two disjoint sets. Indeed, WGD paralogs result slightly more similar than non-WGD paralogs for all the three GO branches (supplementary figure S2 ). On the other hand, comparing with figure 3, one notices that pre-WGD paralogs are less similar at the functional level, so that this signal might come at least in part from the functional difference of ancient non-WGD paralogs.
Discussion
Homology among distant paralogs and orthologs proteins is a difficult task because of sequence divergence. But it is well known that the structure of a protein is more conserved than its sequence. To score distant relationships among yeast and K. waltii proteins we used SCOP superfamilies domain assignments. This choice has three main reasons. First, these domains contain three-dimensional structural information, and are not solely based on sequence similarity, so that they can be considered, at least to a certain extent, "independent" from sequence alignments. Second, compared to the higher classification into "folds", they are defined to guarantee monophyly, excluding convergent evolution. Evolutionary information on domains is intrinsic of the classification scheme of the SCOP database, which is the basis for the hidden Markov models of the SUPERFAMILY database. Third, this choice was taken in previous studies [17, 30] , which give a term of comparison.
The criteria and scores we used assume that two proteins derived from the same common ancestor if they have the same domain architecture, or a series of domains from the same protein families. This method allowed us to compare the more distant structural homology relationships with those obtained by sequence comparisons alone, and it also provided us with simple means to study the evolution of protein function from the structural viewpoint, at the genome-wide level. Naturally, the hidden Markov model assignment of domains depends on the scoring parameters. We limited our analysis to the criteria used by the SUPERFAMILY database [14, 17, 30] . A thorough analysis of the role of these parameters is presented in ref. [7] . Domain architecture and homology. Despite the sparse coverage of structural domains, it seems evident from our results that even elementary domain based homology criteria can recover most of the information obtained through sequence alignments techniques. Indeed, the criteria we defined are able to capture a large fraction of Ensembl-Compara homology classes, and behave similarly for local duplications or the WGD. On the other hand, the opposite is not true. Several domain-based homology relationships are not found by sequence alignment methods. We quantified this by measuring the fraction of domain-based homology classes not containing Ensembl-Compara classes. Criteria A and B have a similar percentage of homologs not detected in Ensembl, while criterion C, follows a different trend. This last criterion is the only one that allows for insertion of external domains after duplication, which is an event that has been observed and can be expected from our knowledge of the evolutionary dynamics of proteins [31, 32, 33] .
On the other hand, the different behavior of criterion C could suggest a lower reliability compared to the other ones. It is important to stress that the architecture comparison methods implemented in this paper can show false-positive matches. In other words, the less restrictive the criterion is, the higher is the possibility to incorrectly identify evolutionarily unrelated genes as homologs.
Overall, while some instances could represent false positives, we believe it is natural to expect that some others represent distant relationships that are not detected as paralogs by sequence alignment methods, but are recognized by domain-based methods. Our tools do not allow to quantify these false positives directly. However, we have accessed some other observables that go in favor of the reliability of domain-based criteria. Firstly the mean domain scores and, to a certain extent, the mean architecture scores of duplicates are very close to one, and remain invariant with duplication age (figures 2). This indicates that even ancient paralogs tend to have very similar domain composition. The slight drop of the architecture score for ancient pre-WGD duplicates suggests that even if paralogs tend to maintain their domain composition, the domain order or the number of repetitions may vary. Secondly, WGD paralogs do not show any peculiarities at the domain level compared to local duplicates and single-copy orthologs. On the contrary, there exists a significantly large set of "duplicable" domains, shared by the two duplication modes. This is in contrast with the markedly decreasing trend followed by the GO similarity score between paralogs as a function of duplication age, indicating that domains remain stable as protein function and sequence drift. Together, these data show that both the domains composing a protein, and the domain architectures are rather stable and independent from the specific evolutionary history, which goes in favor of homology criteria based on this aspect. Thus, the above evidence goes in favor of using structural domains as a simple and computationally effective tool to discover gene duplications. At the same time, it points to some limitations of these methods. The most important of these is that currently no tool is available to quantify the failure rate of domain-based methods in detecting gene duplications. In other words, it would be important to estimate precisely which fraction of paralogs detected by domain-based methods and not by sequence alignment are really significant. For example, one cannot exclude that genes gained by horizontal transfer give rise to proteins with the same domain structure as some other proteins in the genome [34] , or that the partial coverage of domain databases does not enable to resolve distinct architectures. However, an exact quantification of these processes is lacking.
Domain structure and function of duplicate proteins. A second and more biological question is to use domain architectures to understand gene duplication, and in particular the differences between local duplications and the WGD. To approach this question, we compared the results of our domain similarity scores with a functional evaluation at the level of both domains and genes.
Following duplications, proteins show divergence in their domain architectures. Our scoring criteria quantify the rate of divergence of architectures. For all duplications, the already mentioned fact that domain scores remain constant and close to one as a function of duplication age indicates a strong trend of conserving the domain composition. This has to be compared with the GO similarity analysis on the same sets of duplicates showing a marked trend for divergence in function with increasing duplication age. An explanation of this phenomenon may be the fact that proteins evolve with point mutations affecting one nucleotide at a time. Domain topology can withstand these mutations without changing significantly, but some elementary biochemical properties that define protein function may vary. In other words, point mutation can change protein function without changing their domain composition. It is well known that proteins with identical folds can diverge greatly not only in sequence but also in function [26] .
Obviously, this functional divergence cannot exceed the physical possibilities of a domain topology: a kinase domain will never bind to DNA. This is compatible with our observation that GO similarities do not drop to zero, and even very ancient duplicates always retain some degree of functional overlap. Along the same lines, Wapinski and collaborators [24] observe that the functional fates of duplicates rarely diverge with respect to biochemical function, but typically diverge with respect to regulatory control. The typical case when this is known to happen is that of transcription factors [35] , where the migration of sequences within the same DNA-binding fold can lead to major changes in the affinity for a given set of sequences, and thus to large variation on the set of regulated targets. More simply, GO term divergence could come to a change of cellular compartment or biological process while performing similar biochemical functions. Also note that the trend of the Molecular function GO taxonomy paralog similarity score with duplication age is weaker than the other two taxonomies, Biological Process and Cel-lular Component. We extracted from our set some paralogs that maintain exactly the same domain architecture after duplication, while changing their molecular function, their cellular compartment and/or the biological process in which they are involved (GO term similarity < 0.15). It is the case of BDH1 and SOR1, ancient pre-WGD duplicates (datation I). The first is a butanediol dehydrogenase involved in alcohol metabolic processes, while the second is a sorbitol dehydrogenase involved in hexose metabolism. SOR1 is also a post WGD duplicate (datation E) of XYL2, which encodes for a xylitol dehydrogenase. DIN7 and EXO1 are WGD duplicates, both encoding proteins with nuclease activity involved in DNA repair and replication. However, the first one is mitochondrial and the second is nuclear. Similarly the WGD paralogs SEC14 and YKL091C are both phosphatidylinositol/phosphatidylcholine transfer proteins, but the first performs its function in the cytosol and in the Golgi apparatus while the second is nuclear.
Naturally, the coverage of domains on genomes is only partial, which leaves the question open of whether the observed trends of functional annotations with duplication age are due to modifications in the space of domains that are not visible to our methods. While of course this may happen, it seems unlikely that this can affect the global observed trends, assuming that we are observing an unbiased random sample of the existing structural domains. In other words, if the domains that change their topology during evolution have a fixed probability to be in the set of known domains, this would generate on average a decreasing trend of the domain score with duplication age, which we do not observe. A confirmation of this is given by the fact that removing proteins with gaps (protein sequences of 100 or more aminoacids without an attribution of domain), all the observed trends ( figure 4, supplementary figure S4 ) do not change.
Specificity of the Whole-Genome Duplication. We now revert to the specific features of the whole-genome duplication. Double-sided domain architecture comparison of S. cerevisiae WGD paralogs with their K. waltii ortholog allows to evaluate asymmetric evolution at the domain level.
Comparing with a suitable null model, we found no systematic trend for asymmetry (table 2) . This is not unexpected, as domains are much more stable than sequences in evolution, so that, even in presence of accelerated evolution at the sequence level, the fold structure could be conserved.
From the functional viewpoint, we observe that the WGD does not follow a different trend in GO-term similarity between paralogs than expected from its age. Thus, we have to conclude that a "functional burst" correlated to accelerated evolution [20] does not differentiate the global duplication from local ones, or that this trend is not visible from the data available to us.
Partitioning the universe of all S. cerevisiae domains in locally and globally duplicated ones yields two sets of WGD and non-WGD domains, that can have an intersection, as the same domain can be present in both WGD and non-WGD duplicates. Notably. this intersection is enormously larger than expected from a hypergeometric null model, which can be interpreted as the fact that, within the universe of domains, the main distinction is between domains found or not found in duplications, rather than between domains found in global versus local duplications. Thus, again, whole-genome and local duplications are unified, rather than separated by this trend.
However, the domains of WGD duplicates laying outside common set of duplicable domains remain significant, as they give rise to evident peaks in the frequency of observing a domain in the sets of WGD and non-WGD duplicates. Moreover, they are also significant functionally. Indeed, the disjoint sets of WGD-specific and local-duplication specific domains are enriched for different functional categories. Similar categories are found with a more standard functional analysis on the genes. The domain-based and the Gene Ontology functional analyses agree in underlining functional differences between WGD and non-WGD paralogs. There are several works that proved that WGD paralogs and non-WGD paralogs are similarly biased with respect to codon bias and evolutionary rate, although differing significantly in their functional constituency and in the medium number of interacting partners [24, 28, 29] . In agreement with these results, we find that fundamental functions, such as ribosomes and translation are enriched in the WGD while peripheral functions, such as secondary metabolism are enriched for local duplications. The rationale for this result might be that functions related to core biological processes, or in general realized by genes with more entangled genetic interactions are more difficult to replicate by duplicating one part at a time as it happens with local duplications [24] . On the other hand, global moves such as the WGD could release these constraints and allow "recycling" and disentanglement of more elaborate cell machinery.
Finally, we can speculate on the consequences of the fact that the functional dichotomy is also found at the domain level. If it is true that function migrates abundantly, the functional dichotomy of local and global duplicates may emerge from migration of function maintaining similar domain structures. However, this cannot be the only source of differentiation, because in that case the same functional differences would not emerge also from the analysis of WGD and non-WGD specific domains. On the contrary, our result indicate that the dichotomy must be at least in part a result of the "special" protein domains that are only found in local or global duplications.
Methods
Data Sets. We used the SUPERFAMILY database version 1.69 [7, 15] for the SCOP superfamily domains assignment, and the functional annotation of domains. We implemented a C code to reconstruct the protein domain architectures, as ordered lists of domains and "gaps" (a protein subsequence of 100 AA or more not scored for domains). As a reference for homology assignment we used different homology tools based on sequence alignment and synteny. For sequence-based homology, we referred to Ensembl-Compara (release 50) [16] . For K. waltii-S. cerevisiae WGD duplicates we referred to refs. [8, 36] and to ref. [24] ; the latter study was also used for the datation of duplicates.
Homology criteria. Three different homology criteria were used to compare the domain architecture of proteins [17, 32] . Criterion A considers exactly matching architectures. The underlying biological hypothesis is that divergence after duplication does not change the domain architecture of the proteins, implying that divergence between homologs should happen at the sequence/peptide level. Criterion B relaxes the previous condition, and considers homologous domain architectures that are equal or contain multiple repetition of ordered sets of domains, ignoring possible gap mismatches. Criterion C further relaxes the above conditions , considering domain architectures as homologous if one contains repeated architecture domain sequences possibly interspaced by gaps or other domains. The code that implements the three criteria is available from the authors upon request. Domain architecture comparison scores. We defined two different methods to compare proteins in their structural properties. The first "domain score" quantifies the variation in the domains of the two architectures, and is defined as the number of common domains domains between the two architectures, divided by the total number of distinct domains found in both. The domain score measures the number of distinct domain topologies common to the two compared genes, ignoring gaps. It normalizes the score over the total number of different domains contained in the two architectures. The second "architecture score" takes into account the order of appearance of domains in the two architectures and is defined as the length of the longest matching string of domains and gaps between the two architectures, divided by their mean length. The architecture score measures the length (number of ordered domains) of the longest overlapping sequence between the domain architecture of the compared genes, treating gaps as domains (normalized over the mean length of the two architectures). Both scores have a range from 0 (no similarity) to 1 (full similarity). The scores for pairs of WGD, and non-WGD paralogs of different age groups were averaged and histogrammed. To test for asymmetric domain evolution of WGD duplicates, we considered a null model that randomly exchanges the values in the hash table containing the two scores between each of the S. cerevisiae paralogs and their corresponding K. waltii ortholog. The null hypothesis negates the anti-correlation expected in paralog proteins following uneven evolution. The code that implements the two scores is available with the authors.
Domain-based functional analysis. Duplicate proteins with nonempty domain architecture were divided into two disjoint sets of WGD and non-WGD duplicates. The first set, from ref. [36] , is composed by 692 S. cerevisiae proteins, estimated to be 62% of the total WGD paralogs. The second set (1863 proteins) was defined by those proteins coded by a gene with at least one known homolog, from which we removed the other set. Structural domains extracted from the two sets were divided accordingly into three sets: the set O of domains found in WGD duplicates; the set P of domains found in non-WGD duplicates; the set O ∩ P of domains found in at least one member of both protein sets (figure 5). To assess the functional enrichment for WGD and non-WGD paralogs, we implemented a null model based on the hypergeometric distribution, which provides the expected number of domains assigned with function F belonging either to WGD paralogs or to non-WGD paralogs, using as universe the set of all distinct domains found in S. cerevisiae.
Gene Ontology analysis We downloaded the Gene Ontology (GO) annotation DAGs from the GO website (http://www.geneontology.org) and the gene product annotations from the Ensembl database, version 46. We considered a gene annotated to a GO term if it was directly annotated to it or to any of its descendants in the GO tree. We used the SYNERGY algorithm [24] for defining paralogy classes. Orthologs and paralogs were considered different groups. As a reference, 100 pairs of sets were considered, each consisting of 1000 randomly assorted genes with the only constraint that each gene was chosen only once in each pair. For each group we implemented an exact Fisher's test to assess whether a set of genes could be enriched in a certain GO term [37, 38] . Fisher's test gives the probability P of obtaining an equal or greater number of genes annotated to the term in a set made of the same number of genes, but randomly selected. Subsequently, the terms shared by both groups and the exclusive terms (terms present in only one group) were extracted. Finally, we filtered the results retaining only GO terms with P-values <= 10 −3 . For each pair of paralogs, we calculated the Lin GO term similarity, by using the GOSim R-package (Version 1.1.5.1) [25] . For each duplication date group we calculated the mean and the standard deviation of the mean of the GO term similarity. Architecture score as a function of duplication date. The duplication refer to SYNERGY duplication age groups from [24] . A, B, C, D and E are post-WGD duplications, while I, H and G are pre-WGD duplications. The value for every date represent the mean over the scores of all duplicate pairs referring to that duplication age group. The y-axes of the plots report mean similarity score (squares) and standard deviation (error bars) between the associated GO terms [25] of duplicates, computed over sets of duplicate pairs belonging to the same age groups (xaxis). The three panels refer to each of the three GO branches: molecular function (A), cellular component (B), biological process (C). Note that in all the plots the GO term similarity values tend to decrease with duplication age. [16] ). For both tables, the first row of the shows the number of genes in sequenced-based homology classes. The second row reads the result of the intersection of these data with the architecture databases. The following three rows report the total and the relative fraction of the number of triplets and pairs found in the homology classes with criteria A, B, and C. For each SCOP domain, we calculated its occurrence in WGD proteins and non-WGD duplicates (normalized by the sizes of these two duplicate sets). The plot reports the histogram of the relative weight of occurrence of WGD duplicates, indicating the separation of two populations of domain topologies: domain topologies that appear in local duplications only (peak at zero), and those that appear in both the WGD and local duplications, having a preference towards the WGD (peak at one).
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